The convergence of concerns about environmental quality, economic vitality, social equity, and climate change have led to vast interest in the concept of sustainability. Energy harvesting from roadways is an innovative way to provide green and renewable energy for sustainable transportation. However, energy harvesting technologies are in their infancy, so limited studies were conducted to evaluate their performance. This article introduces innovative electromagnetic energy harvesting technology that includes two different mechanisms to generate electrical power: a cantilever generator mechanism and a rotational mechanism. Laboratory experimental tests were conducted to examine the performance of the two mechanisms in generating power under different simulated traffic conditions. The experimental results had approximately root mean square power 0.43 W and 0.04 W and maximum power of 2.8 W and 0.25 W for cantilever and rotational, respectively. These results showed promising capability for both mechanisms in generating power under real traffic conditions. In addition, the study revealed the potential benefits of energy harvesting from roadways to support sustainability in transportation systems. Overall, the findings show that energy harvesting can impact sustainable transportation systems significantly. However, further examination of the large-scale effects of energy harvesting from roadways on sustainability is needed.
Introduction
The convergence of concerns about environmental quality, economic vitality, social equity, and climate change have led to vast interest in the concept of sustainability [1] . The concept of sustainability has broadened to include social, environmental, and economic dimensions [2] . Sustainable development is viewed as change that improves quality of life and conserves time and natural resources [3] . However, there is no universally accepted definition of sustainability [4] . One of the most accepted definitions is from the Brundtland Commission, which defined sustainability as "meet[ing] the needs of the present without compromising the ability of future generations to meet their own needs" [5] . Currently, however, global developments are causing environmental damages and depleting resources [6] . Transportation, which is one of the most important parts of development, also contributes to environmental issues and energy waste [7] . Thus, sustainable transportation is an essential component of sustainable development [8] .
Many reasons why existing transportation networks are not sustainable exist [9] , such as finite fossil fuel reserves serving as a main source of energy; the negative impact of emissions on the environment and urban quality; air pollution, excessive fatalities, and injuries due to vehicle accidents;
• Fulfills the basic needs of access of individuals and societies in a manner that is safe, that is consistent with the environment, and that provides equity between generations.
•
Operates efficiently, offers different modes of transport, and is cost efficient. • Minimizes renewable resource consumption, limits land use and noise production, recycles its components, and controls the level of emissions and waste to meet the absorption capability of the planet [15, 16] .
Significant efforts are being made to attain a more sustainable transportation system [17, 18] . A growing number of researchers, policy makers, and practitioners are working on creating sustainability in transportation systems [12] . However, any change in the transportation sector might lead to changes in other sectors and consequently affect sustainable development [17] . Thus, valid sustainability indicators are needed to monitor transportation sustainability [19] and evaluate the effects of transportation system changes on future sustainable development [17] . Some researchers have simulated future projections to forecast development in the transportation system and relevant indicators [17] . Various attempts have also been made to provide a list of sustainable transportation indicators e.g., [20, 21] . These sustainable transportation indicators provide a solid basis for decision-making related to sustainable development at all levels [19] (indicators are discussed in more detail in Section 6.2). Energy is a central component of transportation indicators because energy and related issues play an important role in the transition toward a sustainable society and transportation system [22] . Any effort in power generation technologies can impact different aspects of sustainability.
The energy consumption tied to transportation is a considerable portion of the overall energy consumption in the world [7, 23, 24] . The worldwide transportation sector has become the second largest greenhouse gas emitting sector, mainly due to fossil fuel burning [23, 24] . Thus, renewable energies have received significant attention due to their green and non-polluting nature [25] . Renewable energy improves the ability to maximize transportation-related environmental performance and minimize adverse impacts [26] , while also having a major impact on economic growth [27] .
Generating renewable energy from the roadway infrastructure, which is called roadway energy harvesting, is an innovative idea. Generally, energy harvesting involves converting existing unused environmental energy sources into useful energy for industries [28] . In this study, an innovative electromagnetic device was developed to harvest energy from roadways. Laboratory experimental tests were conducted to evaluate the device's performance in different aspects. The presented technology to harvest energy from roadways can be a part of the solution to overcome the growing challenge of energy demands in transportation. In addition, the potential effect of the device on transportation sustainability was reviewed.
Study Objectives
The goal of this study was to develop and evaluate electromagnetic energy harvesting prototypes in transportation systems for two different new mechanisms to generate and harvest electric power from passing vehicles. Moreover, the effects and benefits of the technology on sustainability in transportation systems was explored. The specific objectives of the study included the following:
•
Introducing the concept of sustainability in transportation systems.
Designing and fabricating prototypes with two mechanisms.
Conducting tests to examine the power generation capability of each mechanism. • Investigating the effects of traffic loading on the power generation potential.
Evaluating the effect of electromagnetic energy harvesting in roadways on transportation sustainability. 
Literature Review of Energy Harvesting from Roadways
Energy harvesting from ambient sources has become an important field of research due to the drawbacks of traditional energy resources such as fossil fuels [21] . For instance, energy harvesting technologies generate electrical power from ocean waves [29] , thermal energy [30, 31] , solar energy [32, 33] , vibration [34] [35] [36] , human motions [37] , and wind [38, 39] . Transportation and pavement engineering is one field in which energy harvesting is attracting much attention [22] . In transportation, energy harvesting can solve the energy resource challenge for electrical equipment in transportation infrastructure-such as wireless sensors-and thereby improve management and safety [24] . Energy harvesting technologies include piezoelectric-based modules [40, 41] , asphalt solar collectors [42] , thermoelectric systems [43] , electromagnetic systems [44] , and installed solar panels in the pavement [45] .
These technologies are integrated into a body of pavements in roadways to harness energy for various purposes, all of which lead to a reduction in the consumption of fossil fuel resources. Some of them generate electricity to run pavement health monitoring systems, traffic monitoring systems, and infrastructure utilities, such as lighting, which are substantial for sustainable transportation [46] . Energy harvesting can also be a reliable source of energy in areas without an energy grid [47] . Signs and lighting fed by energy harvesting sources can notably improve safety in remote areas by mitigating lighting-related accidents [48] .
Other applications of energy harvesting technologies in roadways include dissipating heat and controlling pavement distresses [49] , mitigating urban heat islands (UHIs) [50] , and melting snow in winter seasons [51] . These applications have direct effects on transportation sustainability. For instance, melting snow in cold regions presents one of the biggest challenges to traffic safety during winter seasons [52] [53] [54] . Crucially, energy harvesting technologies provide sustainable mechanisms for ice and snow melting on roadways, while traditional methods, such as the application of snow melting agents [55] and mechanical snow removal [56] , provide only temporary solutions and are costly and hazardous for environmental and roadway infrastructures [57] . Conversely, energy harvesting can mitigate the heat of pavement. A heated pavement surface is vulnerable to distresses, such as rutting and losing its functionality [58] . Mitigating this heat increases the service life of the pavements [43] and decreases the cost and time of maintenance [59] . Reducing pavement temperature in urban areas also mitigates the UHI effects [60] . Lower pavement temperatures reduce thermal radiation from pavement surfaces [61, 62] . These advantages help promote the sustainability of transportation systems. In the next section, the electromagnetic energy harvesting technology will be described in detail. Subsequently, the developed electromagnetic energy harvester prototype will be presented.
Electromagnetic Energy Harvesting Technology
Electromagnetic technology is a function of Faraday's law [63] , and electromagnetic energy harvesting technology converts mechanical energy into electrical power through electromagnetic mechanisms [64] . The general form of Faraday's law, the Maxwell-Faraday equation, notes that a time-varying magnetic field and spatially electric field always accompany each other [65] . Electromagnetic technology is widely utilized in different industries, and energy harvesting is one field that uses significant electromagnetic technology. Electromagnetic energy harvesting generates power from multiple sources, such as ocean waves [66] [67] [68] [69] , wind [70] , backpacks [71, 72] , human motion [73] , walking [74] , vehicle suspensions [75] , and railroads [76] [77] [78] [79] .
Based on the acceptable performance of this technology in the aforementioned fields, researchers have studied its application in roadway infrastructure [80] . The technology has higher efficiency and power output in applications with larger deflections [67] . On the other hand, the technology must avoid an interruption in transportation. Therefore, for installation in roadways, the electromagnetic technology should be installed in locations that are both subjected to large deflections and cause minimum interruption to traffic flow simultaneously. Locations with speed bumps are one such ideal option. Speed bumps are used to reduce the risk of accidents in low-speed zones and pedestrian Sustainability 2019, 11, 4906 4 of 18 crossings by controlling vehicle speed [81] . In these areas, vehicle speed must be reduced, and the vehicles also generate large deflections as they go over the speed bumps [82] . Currently, a huge amount of energy is wasted as vehicles pass over the speed bumps [83] . That wasted energy can be captured and converted to a useful kind of energy by electromagnetic energy harvesting technology. Thus, the installation of an electromagnetic energy harvester under speed bumps simultaneously contributes to addressing both safety and energy factors in sustainable transportation systems.
The basic principle in all mechanisms in the electromagnetic energy harvesting devices is to trigger relative movement between a conductor and a magnetic field (Faraday's law) by utilization of the induced movement from passing vehicles [84] . The mechanisms include a rack-and-pinion system [85, 86] , cam-arm system [87] , roller-chain system [88] , hydraulic power system [89] , statortranslator [90] , rotational motion [91] , chain-sprocket system [92] , and compression of air upon passage of a vehicle [93] . Combinations of these systems have been used in some studies (e.g., rack-and-pinion and hydraulic systems) [94] . In this study, two mechanisms were developed-a cantilever energy harvester and a rotational mechanism-that both generate power due to relative movements of magnets and electrical coils. These mechanisms were evaluated separately as two completely independent prototypes. However, the structural parts are mutual, and for experiments, the power generation parts of mechanisms replaced each other. It must be noted that the prototype design functions to perform as a speed bump in addition to generating power.
Materials, Design, and Experimental Tests
This section presents the two mechanism components and materials used for design and fabrication. Laboratory experimental tests, including test setup and results, are also discussed. Since the study objectives included a preliminary evaluation of the possibility of generating power with these mechanisms, the prototypes were fabricated in small sizes.
Design and Fabrication of Mechanisms
For both mechanisms, the prototype was designed according to two aspects: structure and power generation. The power generation component was designed to capture the wasted energy from a passing vehicle through its top plate and use it to generate electrical power. The structure was designed to support the entire prototype under heavy loads of passing vehicles.
The structure, which was the same for both mechanisms, included supports, compression springs, a top plate, and a bottom plate. However, the top plate and compression springs are mutual for both power generation and the structural frame. The bottom plate was a platform onto which the other parts were installed. The bottom plate conveyed the stress of supports to the foundation under it. The properties of aluminum, including low density, water resistance, acceptable strength, and resistance to corrosion (except its surface), make it an appropriate option for the bottom plate. Cylinder supports were installed to maintain structural integrity and control the top plate movement. These supports also protect other components from direct contact with the applied loads. Due to large loads in service life and harsh environment conditions, the cylinder supports were made of steel.
Compression springs were connected to the top plate and placed inside the supports. Compression springs are crucial elements of the device due to their tasks. Springs help the top plate move smoothly under the loads, which is important to preserve parts from high stress and to allow drivers to feel less uncomfortable. These springs returned the top plate to its original position and completed the cycle of loading. The springs were made of steel to tolerate frequent wheel loads. Rods connected to the top plate moved inside holes in the supports to guide the top plate's movement in a fixed vertical direction.
As mentioned, the top plate was the only part directly in contact with loads. Thus, the material of the top plate had to endure the impact of these large loads. In addition, the top plate was meant to replace the speed bump while capturing wasted energy. Therefore, the designed profile had to be similar to a traditional speed bump. However, in this laboratory experiment, an aluminum plate with 25 mm thickness was chosen as the top plate. To test the prototype using standard laboratory equipment, 440 mm length was chosen to fit the prototype inside the testing equipment. The width of the top plate was 300 mm, similar to a conventional speed bump. However, for further study and installation in the field, the length of the top plate would need to be equal to a typical roadway lane width (3.75 m) to capture the load of the passing vehicles. Figure 1 illustrates the structural design with the power generation components of both mechanisms. 
Laboratory Testing
The ability of the two mechanisms to generate electrical power was studied in laboratory experiments. A Universal Testing Machine was used to simulate traffic loading conditions by applying repetitive loads with different frequencies. A multifunction National Instruments Data Acquisition Card (NI DAQ) was used to record the power outputs. The RS-200 W resistance substitution box was used as an external resistor.
A speed bump will experience different loads in its service life due to the different weights of passing vehicles. Thus, to simulate the loads of vehicles' wheels, different loads (3, 5, and 10 kN) in Harvesine waveform were applied. Loading times and unloading time were chosen to reflect slowing vehicles just before passing over the speed bump. The speed of the vehicle was assumed to be 
The Power Generation Component of the Rotational Mechanism
In the rotational mechanism, the power generation part included a two-part rod, set of gears, torsion springs, circular magnets, and electrical coil. Figure 1a represents the rotational mechanism and its schematic. In this mechanism, the two-part rod is connected to the top plate and moves downward and upward with it. When the rod moves downward, it pushes the lever downward, which Sustainability 2019, 11, 4906 6 of 18 is connected to the set of gears. This set of gears receives the vertical movement from the lever and converts it to rotations and conveys it to the permanent magnet. At the same time, they also amplify the amount of rotations with the ratio between the gears. The rotation magnets generate a time-varying magnetic field in the electrical coil. According to Faraday's law, this time-varying magnetic field produces an electrical power in the electrical coil. When the rod moves upward, the torsion springs return the lever to its position. However, due to the study's mechanism design, in this recovering process, it did not generate power, but it is possible to change the design and generate power, even in the recovering process.
The rod was made of two parts: a hard part made of aluminum and a soft part made of rubber. The reason the soft part was added was to control the applied stress on the lever and maximize the generated power. The soft part allowed us to keep it very close to the lever to push the lever down with a small displacement of the top plate generated by a small load. When the load is higher and the top plate displacement is higher than the allowed displacement of the lever, the soft part will bend and prevent the higher value of the displacement to the lever to be applied.
The Power Generation Component of the Cantilever Generator Mechanism
In the cantilever generator mechanism, the power generation part consisted of a magnet, electrical coil, spring arm, rod, and support for the arm spring. The components and schematic are illustrated in Figure 1b .
The aluminum rod was connected to the top plate in order to move with it. When the top plate moves downward, the rod moves downward correspondingly and pushes the spring arm down. The spring arm was a cantilever, which was maintained with its supports. On the free side of the cantilever arm, a permanent magnet was installed. The magnet was neodymium-iron-boron alloy (NdFeB) with 40 mm diameter and 20 mm thickness. The electrical coil was installed next to the magnets. The coil consisted of a wire of 1432 m length and 80 mm diameter. When the arm is pushed by the rod, the magnets move relatively to the electrical coil and as a result induce electricity in a wire of the coil. In the recovering process of the top plate, the rod moves upward and allows the arm to return to its first position. In this step, the magnet and the electrical coil have a relative movement, which leads to inducing electrical power.
Laboratory Testing
A speed bump will experience different loads in its service life due to the different weights of passing vehicles. Thus, to simulate the loads of vehicles' wheels, different loads (3, 5, and 10 kN) in Harvesine waveform were applied. Loading times and unloading time were chosen to reflect slowing vehicles just before passing over the speed bump. The speed of the vehicle was assumed to be constant. Therefore, three loading-unloading cycles of 300, 600, and 900 ms were arbitrarily selected to account for the loading-unloading. All the laboratory tests were conducted at room temperature (~25 • C). Figure 2 represents the laboratory test setup and power measuring device. 
Experimental Results, Analysis, and Discussion
The power outputs of each mechanism under different loading conditions were measured. Both mechanisms showed a potential to generate power under these applied loads. Both mechanisms had their own output patterns, but the output patterns of each mechanism were similar under different conditions. Figure 3 presents the general pattern of both mechanisms within three cycles of loadingunloading. Figure 3 also illustrates a single cycle loading-unloading and corresponding to top plate movements. In phase one of the cycle (period 1 in Figure 3 ) the top plate is going downward, while in phase two (period 2 in Figure 3 ) the top plate is moving upward. In Figure 3a , it can be observed that the cantilever mechanism generated electrical power in both the downward and upward movements of the top plate because in both movements relative movements between magnets and electrical coils were generated. The power output had one peak in both the downward and upward movements, which corresponded to the peak rate of movements between the magnet and the coil. The power output shows that the bouncing arm also led to generation of power. In addition, it shows the damping process of the bouncing arm. Figure 3b illustrates that the rotational mechanism generated electrical power only in downward movements of the top plate because, as mentioned, the mechanism could only convert downward movements to relative movements between the magnet and the electrical coil due to its design. However, the mechanism could generate power in upward movements by changing its design. The power output peak corresponds to the maximum angular velocity of the magnet, which interprets the maximum rate of relative movements between the magnets and coil.
According to the results in Figure 3 , the maximum output power is 2.8 W and 0.25 W for cantilever and rotational mechanisms, respectively. It is expected that the output of the proposed will increase significantly as these new mechanisms undergo optimization. Other studies reported other 
The power outputs of each mechanism under different loading conditions were measured. Both mechanisms showed a potential to generate power under these applied loads. Both mechanisms had their own output patterns, but the output patterns of each mechanism were similar under different conditions. Figure 3 presents the general pattern of both mechanisms within three cycles of loadingunloading. Figure 3 also illustrates a single cycle loading-unloading and corresponding to top plate movements. In phase one of the cycle (period 1 in Figure 3 ) the top plate is going downward, while in phase two (period 2 in Figure 3 ) the top plate is moving upward. In Figure 3a , it can be observed that the cantilever mechanism generated electrical power in both the downward and upward movements of the top plate because in both movements relative movements between magnets and electrical coils were generated. The power output had one peak in both the downward and upward movements, which corresponded to the peak rate of movements between the magnet and the coil. The power output shows that the bouncing arm also led to generation of power. In addition, it shows the damping process of the bouncing arm.
rotational mechanism, primarily because the components used in the rotational mechanism are very small, while the components of the cantilever mechanism are much larger in comparison. For example, the electrical coil of the cantilever mechanism is much larger than the rotational electrical coil. The maximum output power of rotational and cantilever mechanisms were 0.04 W and 0.43 W, correspondingly. In general, the results in Figure 3 show that both mechanisms can generate electrical power in different conditions. Figure 3b illustrates that the rotational mechanism generated electrical power only in downward movements of the top plate because, as mentioned, the mechanism could only convert downward movements to relative movements between the magnet and the electrical coil due to its design. However, the mechanism could generate power in upward movements by changing its design. The power output peak corresponds to the maximum angular velocity of the magnet, which interprets the maximum rate of relative movements between the magnets and coil.
According to the results in Figure 3 , the maximum output power is 2.8 W and 0.25 W for cantilever and rotational mechanisms, respectively. It is expected that the output of the proposed will increase significantly as these new mechanisms undergo optimization. Other studies reported other ranges of maximum power for current technologies, 42 mW [95], 1.8 W [96] , and 220 W [45] for thermoelectric, piezoelectric, and photovoltaic panel. By comparison between the output powers of these technologies, the proposed mechanisms had an acceptable performance at this early stage of development. Figure 4 presents the root mean square of the power outputs of the cantilever and rotational mechanisms in different conditions of loadings. As can be seen, both mechanisms follow the same pattern. The output power increased by increasing the magnitude of load. In both mechanisms, 10 kN loads resulted in the maximum output because, by increasing the load, the relative movements in both mechanisms increased. However, the effects of the ratio of load magnitudes were different. For instance, the output power decreased by increasing the loading-unloading time. If the load is applied frequently, a smaller time loading means higher frequency, so a higher frequency led to higher output in both mechanisms. It is worth noting that the magnitudes of mechanisms are different. The power output of the cantilever mechanism is approximately 10 times that of the rotational mechanism, primarily because the components used in the rotational mechanism are very small, while the components of the cantilever mechanism are much larger in comparison. For example, the electrical coil of the cantilever Sustainability 2019, 11, 4906 9 of 18 mechanism is much larger than the rotational electrical coil. The maximum output power of rotational and cantilever mechanisms were 0.04 W and 0.43 W, correspondingly. In general, the results in Figure 3 show that both mechanisms can generate electrical power in different conditions. It is important to note that the design and parts used were small in scale since the study was preliminary. Future studies will need to utilize larger parts. Also, only one set of power generation parts was included in the prototype assembly for laboratory experimentation. It is envisioned that the final design will include multiple parts to amplify the power output for each passage. In addition, based on the above results, it seems necessary to optimize the design or introduce new or more effective components to maximize power output generation. For instance, by changing the design, the rotational mechanism could generate power in the upward movements.
In addition, as mentioned before, the top plate shape will be similar in design to the conventional speed bump, which will allow it to control traffic speed and impact safety. Potential locations for prototype installations are any locations with speed bumps, including parking garages, driveway entrances to buildings, school zones, and any other place where the speed of vehicles is controlled [80] .
Benefits to Sustainability Indicators and Strategies
This section examines the benefits in general of electromagnetic energy harvesting from roadways and the specific benefits of the proposed energy harvesting prototype. Some current strategies and indicators of sustainability in transportation are introduced and effects of the electromagnetic energy harvesting technology are discussed. It is important to note that the design and parts used were small in scale since the study was preliminary. Future studies will need to utilize larger parts. Also, only one set of power generation parts was included in the prototype assembly for laboratory experimentation. It is envisioned that the final design will include multiple parts to amplify the power output for each passage. In addition, based on the above results, it seems necessary to optimize the design or introduce new or more effective components to maximize power output generation. For instance, by changing the design, the rotational mechanism could generate power in the upward movements.
This section examines the benefits in general of electromagnetic energy harvesting from roadways and the specific benefits of the proposed energy harvesting prototype. Some current strategies and indicators of sustainability in transportation are introduced and effects of the electromagnetic energy harvesting technology are discussed.
Benefits of the Technology in Strategies
Various strategies have been proposed to develop sustainable transportation systems [17] . In general, strategies primarily focus on technological or behavioral alterations [17] . Behavioral strategies promote change in the manner of users of transportation systems and try to optimize them. For instance, car use can be reduced by combining trips, ride sharing, shifting to less polluting transportation modes, and so on [17] . Technological strategies are aimed at achieving sustainability in transportation by using technologies-such as reducing negative effects per car or kilometer [17] . In this study, the benefits of energy harvesting as a technological solution are discussed. Table 1 represents a partial list of some of the strategies that have been suggested for sustainable transportation [1] . This list shows the big picture of sustainability strategies in transportation. The effect of the proposed on sustainability technology is described by using the information in the table. Table 1 . Partial list of suggested strategies for sustainability in transportation systems [1] .
Area of Change Suggested Change
Road/Vehicle Operation Improvements According to the list of strategies, electromagnetic energy harvesting in roadways can be a considerable source of energy for intelligent transportation system strategies. These strategies need infrastructures that depend on energy. Smart roadways need a lot of sensors and other kinds of devices that can operate with the proposed prototypes. The technology also will provide electrical power for the required infrastructures for smart vehicles, which need to communicate with other vehicles and roadway facilities. The proposed technology can make it possible to run the infrastructure in remote areas that lack accessibility to power networks.
Improved traffic monitoring systems powered by electromagnetic energy harvesters can create transportation systems that can supply enough data for planning the transportation system. The energy harvesting technology also will power the facilities that transfer data instantly and thus make real-time data possible. These real-time data can help to manage traffic flow properly, avoid the accumulation of traffic volume in specific locations, and minimize generated queues of vehicles. Moreover, routing/scheduling will be enhanced with recorded data from roadway networks. In addition, the collected data are required to remove bottleneck situations from roadways. Thus, better accident management is another benefit of the infrastructure provided by the power of energy harvesting technology in roadways.
Further, energy harvesting technology can help flow metering in two ways. It can provide electrical power for metering devices, or by adding components, the energy harvester can have metering ability as an additional feature because it is already installed in a position-in the roadway-where it is appropriate for this purpose.
In general, the electromagnetic energy harvesting prototype will strengthen technological strategies and improve environmental quality, urban quality of life, and destination accessibility. It is especially worth repeating that one very important capability of energy harvesting is generating power in remote areas with limited access to power networks. This capability distinguishes this technology from other current technologies of power generation.
Benefits of the Technology Regarding Indicators
The effect of energy harvesting by electromagnetic energy harvesting technology on indicators offers another perspective that can provide a better understanding of its importance. As mentioned before, valid measurable indicators develop a comprehensive methodology to track and control transportation sustainability. Therefore, evaluating the effect of the proposed prototype and other electromagnetic energy harvesting on these factors provides a vision about the benefits of this prototype on transportation sustainability. To assess this perspective, multiple indicators suggested by Litman and Burwell [3] and Haghshenas and Vaziri [14] were chosen. These environmental, social, and economic indicators greatly cover key aspects of transportation sustainability.
Environmental Benefits
Energy harvesting technology has significant potential to be a green renewable resource of energy for transportation infrastructure. However, the technology is still in its infancy stage and large-scale production is not available. Compared to technologies that rely on fossil fuel, energy harvesting offers advantages that can greatly profit the environment. In this section, some of the benefits of the technology to the environment are briefly explained.
Electromagnetic energy harvesting technology produces no greenhouse gas emissions. Greenhouse gas emissions are one of the major causes of global climate change. Thus, this technology can help to reduce these gas emissions by a reduction in the burning of fossil fuel. Moreover, the technology operates without any other kind of air pollutants, which is another environmental factor of sustainability.
The technology's mechanism does not make considerable noise; thus, noise pollution will be negligible. The system does not need water for performing, and it will be insulated from the environment, which means no water pollution. Further, the proposed prototype will not affect wildlife habitat directly or indirectly due to its non-polluting nature. Thus, the technology helps to preserve the habitat.
If the prototype is installed in the pavement's structure, it does not need additional land for implementation. Furthermore, the technology generates power for road proximity areas; thus, the necessity for transferring infrastructure is minimal and land space for that is negligible. Therefore, it helps transportation systems have less land use impact on the environment.
These benefits show that using electromagnetic energy harvesting technology on roadways can positively impact the environmental indicators of sustainability in transportation systems.
Social Benefits
Energy harvesting technology can also have a significant effect on social indicators. One thing to bear in mind is that change in one indicator might cause changes in other indicators. For instance, a reduction in environmental and air pollution directly affects human health. Consequently, the first benefit is improved human health, which is a very important indicator for sustainable transportation [97] .
The proposed technology also improves safety by reducing the amount of accidents on roadways. A reduction in accidents leads to a reduction in the number of fatalities and disabilities in accidents.
Decreasing fatalities and disabilities therefore is another benefit of this technology in a sustainable transportation system.
Energy harvesting from roadways can be used to ensure that pavement health monitoring devices operate effectively. With these devices, the pavement will be monitored continuously. It allows agencies to track roadway distresses and thereby allocate their maintenance budget and facilities more effectively. Therefore, a roadway's level of service is maximized, which means that society receives better service. In addition, the better use of budgetary funds will lead to equity in society because the budget will be spent on infrastructure for all users.
The proposed prototype will also supply electrical power to a wide range of facilities, such as lighting, illuminations, and devices for people with disabilities. These facilities can improve service and safety for these users and other non-driver users of transportation systems (such as pedestrians). Consequently, equity for non-drivers and equity for disabled users are two more implications of this improvement.
Economic Benefits
As mentioned in all definitions of sustainable transportation systems, the economic aspect is one of the major concerns. In practice, however, emphasis has been on environmental and social aspects. This neglect of financial sustainability is an important omission [98]. Increasing financial sustainability in transportation systems provides a unique opportunity to allocate available budgets more efficiently to promote sustainability in environmental and social aspects [98] . There are some indicators that are directly impacted by electromagnetic energy harvesting technology.
The combination of high-quality pavements and smoother traffic flow on roadways facilitate effective freight and commercial transporting. Transportation systems with higher speed and affordability of freight have higher freight efficiency. Fright efficiency is one of the economic indicators for sustainability in transportation systems. Furthermore, smoother traffic flows without high volume traffic can minimize the average commute travel time.
In addition, continuous monitoring of the roadway's health prevents drops in the level of service of the roadways that need a huge budget to repair. As a result, facility costs as a sustainability indicator are lower in sustainable transportation systems.
Accidents, fatalities, and disabilities related to accidents have a huge financial and medical burden on societies. The proposed prototype can reduce accidents, especially on low-speed roadways and in remote areas. Thus, by reducing the number of accidents, these burdens will be eliminated, and numerous financial benefits will occur.
The reduction in the amounts of greenhouse gas emissions, air pollutant emission, water pollution, and noise pollution has considerable influence on the financial aspect of sustainability because removing them and controlling their impacts on environment and human health is very difficult and expensive. Moreover, preserving natural resources and wildlife habitat also is a complicated and expensive process that can be controlled by using a renewable source of energy from electromagnetic energy harvesting technology.
Potential Challenges and Limitations
Like other technologies, electromagnetic energy harvesting has its own challenges and limitations, as well as pros and cons. While the prototype mechanisms in this study successfully demonstrated acceptable performance in laboratory experiments, field experiments under real conditions still need to be undertaken. Moreover, it will be necessary to increase the power output by optimizing the design in future studies in order to extend the range of facilities that can be operated with the generated power. Evaluation of the performance of the mechanisms under different traffic conditions to optimize the design before its field installation should be continued. Depending on the installation location, the load magnitude, traffic volume, and environmental conditions will change; thus, introducing a systematic pattern of design based on real traffic and environment conditions is important.
In addition, although the evaluation showed promising benefits of the technology for supporting sustainable transportation, the assessment was qualitative, and a quantitative study on the effect of the technology will provide more comprehensive understanding. Further, measuring the impact of a more optimized version of the technology on transportation sustainability will be more realistic.
Conclusions and Summary
Electromagnetic energy harvester prototypes with two different mechanisms were examined in this study. Both mechanisms used the energy of passing vehicles to generate electrical power within the pavement. Laboratory experimental tests were conducted to examine the capability of each mechanism to generate power under different loading conditions. The performance of both mechanisms in laboratory experimental tests showed promise as a source of renewable energy for roadway infrastructures. The maximum root mean squares of power output were 0.43 W and 0.04 W for the cantilever and rotational mechanism while the maximum peak power outputs were 2.8 W and 0.25 W, respectively. The amount of generated power output is considerable in comparison with other current energy harvesting technologies in roadways. These mechanisms showed a potential to become the main electromagnetic energy harvester in roadways. However, the power output must increase by further optimizing the design and utilizing the components at a larger size and scale than that used in this preliminary examination. In addition, further studies are needed to examine the performance of the proposed mechanisms to generate power under real traffic loading conditions and to endure those loading conditions. Furthermore, the potential benefits of using the electromagnetic energy harvester prototypes to promote sustainability in transportation were evaluated. As discussed, using electromagnetic energy harvesting can impact transportation sustainability significantly. However, it is important to keep in mind that this study was only a preliminary evaluation, and several factors can change the output of the technology on actual roadways. Therefore, further study involving detailed and quantitative evaluations is needed. Funding: Financial support for this research was provided by CPS Energy and the Tran-SET Regional University Transportation Center.
